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HIGHLIGHTS 


•  The  reversibility  of  copper  sulfides  strongly  depends  on  the  electrolyte  composition. 

•  Cycling  stability  is  poor  in  carbonate-based  electrolytes. 

•  Ether-based  electrolytes  improve  the  cycling  stability. 

•  Specific  conductivities  of  CuS  and  Cu2S  are  determined. 
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Copper  sulfides  are  attractive  electrode  materials  as  their  reaction  with  lithium  offers  high  capacity  and 
energy  density.  However,  the  reversibility  is  poor  and  (nano)structuring  is  considered  necessary  to 
achieve  moderate  improvements.  In  contrast,  we  show  in  this  study  that  the  electrolyte  is  a  major  factor 
that  governs  the  reversibility  of  the  cell  reaction.  All  our  experiments  were  done  with  commercially 
available  copper  sulfides  (CuS  and  Cu2S)  without  any  special  nanostructure.  Different  electrolyte  com¬ 
positions  were  tested  among  LiPF6  in  EC/DMC  and  LiTFSI  in  DOL/DME.  While  rapid  capacity  fading  is 
found  in  cells  containing  carbonate-based  electrolytes,  cells  with  ether-based  electrolytes  show  a  much 
better  electrochemical  performance.  For  a  mixture  of  1  M  LiTFSI  in  DOL/DME,  Cu2S  can  be  cycled  with 
capacities  of  around  200  mAh  g-1  for  more  than  150  cycles  with  coulombic  efficiencies  >98.4%,  for 
example.  The  improved  stability  in  the  ether-based  electrolyte  further  allowed  us  to  study  how  the 
discharge  and  charge  voltage  change  during  prolonged  cycling.  Our  study  underlines  that  improvements 
in  the  Li/CuS  and  Li/Cu2S  system  are  still  possible  by  very  simple  measures,  but  further  studies  on  the 
complex  Li-Cu-S  phase  behavior  are  necessary  to  understand  the  discharging  and  especially  the 
charging  mechanisms. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Copper  sulfides  have  been  investigated  as  battery  active  mate¬ 
rials  for  lithium-ion  batteries  for  several  decades.  The  general 
characteristics  of  the  cell  reactions  can  be  briefly  summarized  as 
follows.  Reaction  of  CuS  or  Q12S  with  lithium  to  form  Cu  and  L^S 
comes  along  with  an  energy  release  of  961  Wh  kg-1  or 
552  Wh  kg-1,  respectively.  For  comparison,  commercially  applied 
Li0.5CoO2  theoretically  provides  548  Wh  kg-1.  Besides,  copper  sul¬ 
fides  are  highly  conductive  which  intrinsically  should  ease  the  cell 
reaction  compared  to  many  other  electrode  materials.  As  the  main 
disadvantage,  copper  sulfides  are  known  to  suffer  from  poor 
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capacity  retention  and  hence  short  life  time  1,2].  Therefore,  they 
were  often  considered  and  used  as  primary  battery  materials  [3-5]. 
Several  studies  were  carried  out  to  determine  reasons  for  the  poor 
reversibility  6—8],  but  precise  determination  of  the  reaction 
mechanisms  for  the  different  copper  sulfide  species  has  been 
proven  difficult  due  to  the  limited  cycle  life  and  the  existence  of 
several  intermediate  phases  with  complex  stoichiometries  [7,9]. 

Overall,  various  factors  are  thought  to  be  responsible  for  the 
poor  electrochemical  performance  of  the  Li/Cu/S  system:  (1)  loss  in 
structural  stability  due  to  volume  changes  during  cycling,  (2) 
decomposition  of  the  electrolyte  at  the  cathode  and/or  the  metallic 
lithium  anode,  and  (3)  loss  of  active  material  due  to  dissolution  of 
sulfide  species  [4,6-8].  On  the  other  hand,  it  was  reported  that  the 
cycling  stability  of  CuS  can  be  improved  to  some  extent  by  nano¬ 
structuring  [9-17  .  For  example,  Wang  et  al.  described  lately  the  in 
situ  preparation  of  a  nanostructured  copper  sulfide  cathode  with  an 
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excellent  stability  for  more  than  100  cycles  at  different  C-rates  (up 
to  2C)  with  specific  capacities  between  376  mAh  g_1  and 
447  mAh  g_1  in  a  electrolyte  composed  out  of  1  mol  L-1  UCIO4  and 
a  solvent  mixture  of  DME/DOL  (2:1,  v/v)  [13].  They  concluded  that 
the  special  nanostructure,  which  consisted  of  3D  connected  nano¬ 
flakes  on  copper,  was  the  main  reason  for  the  improved  cycling 
stability.  On  the  other  hand,  Han  et  al.  synthesized  a  CuS  material 
with  a  hierarchical  structure  consisting  of  nano-spheres  which  only 
showed  a  poor  cycle  life  [11].  In  an  electrolyte  composed  of  1  M 
LiPF6  dissolved  in  EC/DMC  (1:1,  v/v),  582  mAh  g-1  were  achieved  in 
the  first  cycle  followed  by  a  rapid  decrease  of  the  specific  capacity 
and  an  overall  capacity  retention  of  around  13.8%  after  the  first  ten 
cycles.  Debart  et  al.  studied  commercial  CuS-powders  and  found 
nearly  the  theoretical  capacity  value  during  first  discharge  (1  M 
LiPFg  in  EC/DMC  (1:1,  w/w)).  However,  the  capacity  rapidly  dropped 
to  approx.  50  mAh  g-1  after  five  cycles  which  was  related  to  loss  of 
active  mass  as  a  result  of  L^S  dissolution  in  the  electrolyte  [9]. 
Altogether  it  remains  unclear  whether  nanostructuring  alone  can 
be  linked  to  an  improved  cycling  stability.  And  even  though  also 
using  alternative  electrolytes  has  been  suggested  in  literature  as 
potential  method  to  improve  the  cycling  stability,  no  correlation 
could  be  established  either. 

In  this  work,  we  show  that  the  composition  of  the  electrolyte 
solution  is  a  major  factor  that  governs  the  cycle  life  of  copper  sul¬ 
fide  in  lithium-ion  cells,  especially  when  discharged  to  low  po¬ 
tentials.  As  only  commercially  available  powders  are  used  in  our 
study,  we  conclude  that  nanostructuring  is  probably  less  important 
for  achieving  a  stable  cycle  life.  In  order  to  study  the  reversibility  of 
the  cell  reaction  in  more  detail,  the  two  copper  sulfides  CuS  and 
Q12S  are  studied  separately.  Also  the  impact  of  the  current  collector 
on  the  cycling  stability  is  discussed. 

2.  Experimental 

Electrode  slurries  were  made  from  as  received  CuS  (>99%,  Sigma 
Aldrich )  or  CU2S  (>99.5%,  Sigma  Aldrich),  a  conductive  carbon 
(SuperPLi,  TIMCAL  Graphite ),  polyvinylidene  fluoride  (PVDF  Solef 
1310,  Solvay)  and  N-methyl-2-pyrrolidone  (NMP,  Sigma  Aldrich). 
The  content  of  copper  sulfide,  conductive  carbon  and  binder  was 
75  wt%,  15  wt%  and  10  wt%,  respectively.  The  electrodes  were 
prepared  by  doctor  blading  the  slurry  onto  aluminum  foil 
(d  =  20  pm).  The  thicknesses  of  the  electrodes  were  approximately 
200  pm  in  wet  condition  and  around  40-50  pm  in  the  dried  state. 
Circular  electrodes  (d  =  1.2  cm)  were  punched  out  and  contained 
between  2  mg  and  3  mg  of  active  mass  each.  The  electrodes  were 
further  dried  at  d  =  80  °C  for  3  h  under  vacuum  to  evaporate  re¬ 
sidual  NMP  and  then  transferred  to  an  argon  filled  glove  box 
(MBraun  Labmaster  sp)  where  three-electrode  Swagelok  type  cells 
were  assembled.  Metallic  lithium  foil  ( Rockwood  Lithium)  was 
used  as  counter  and  reference  electrode.  Whatman  glass 
microfiber  filters  (GF/A)  were  used  as  separator.  As  electrolyte  three 
different  mixtures  of  conductive  salts  and  solvents  were  used.  A 
commercially  available  1  M  solution  of  LiPF6  in  1:1  w/w  EC/DMC 
(LP30,  SelectiLyte  from  Merck),  a  1  M  solution  of  LiTFSI  in  1:1  w/w 
DOL/DME  ( Sigma  Aldrich)  and  a  1  M  solution  of  LiTFSI  in  1:1  w/w 
EC/DMC.  Electrochemical  measurements  were  conducted  at  room 
temperature  using  a  Maccor  (Model  4300)  battery  cycler.  Cells  were 
cycled  galvanostatically  (constant  current,  CC)  at  different  C-rates 
between  0.8  V  and  3.0  V.  The  C-rate  was  calculated  based  on  the 
theoretical  capacity  of  CuS  (Q.  =  560  mAh  g-1)  or  Q12S 
(Q  =  337  mAh  g-1),  i.e.  1C  corresponds  to  a  current  of 
ice  =  560  mA  g_1  (CuS)  or  iCc  =  337  mA  g-1  (Q12S).  Capacities  are 
given  in  mAh  per  gram  of  copper  sulfide  species  (mAh  g_1  (CuS)  or 
mAh  g-1  (Cu2S)).  Additionally,  cyclic  voltammetry  was  conducted 
(Biologic  VMP3)  with  a  voltage  sweep  rate  of  0.05  mV  s-1  for  20 


cycles.  WAXS  diffraction  patterns  were  taken  with  a  PANanalytical 
X’Pert  Pro  in  a  2 6  angular  range  between  20°  and  60°. 

All  samples  for  conductivity  measurement  were  prepared  by 
pressing  the  powders  into  small  rods  (approx.  3  mm  in  diameter 
and  6  mm  in  length)  at  5  kN  in  a  uniaxial  press.  These  rods  were 
used  without  further  treatment.  Standard  4-probe  measurements 
were  carried  out  by  pressing  4  Pt-wires  (0.1  mm)  to  the  pellet 
within  a  PTFE  sample  holder  (Fig.  1).  The  DC  conductivities  were 
measured  using  a  Keithley  2420  Sourcemeter.  Additional  AC  mea¬ 
surements  were  performed  with  a  Novocontrol  Alpha-AK/ZG4 
system.  All  experiments  were  done  at  room  temperature,  light 
exposure  was  excluded. 

3.  Results  and  discussion 

3.1.  Cell  reaction 

The  basic  electrochemical  reaction  of  copper  sulfides  with 
lithium  is  a  unique  kind  of  conversion  reaction  that  includes  a 
macroscopic  phase  separation  (a  so-called  displacement  reaction). 
During  discharge,  lithium  ions  diffuse  into  the  copper  sulfide  lattice 
leading  to  the  formation  of  lithium  sulfide.  At  the  same  time  the 
copper  ions  diffuse  out  of  the  lattice  and  form  macroscopic  metallic 
copper  dendrites  upon  reduction  [9].  This  behavior  is  different  from 
the  conventional  conversion  reaction  for  which  a  nanocomposite 
structure  is  observed  that  consists  of  transition  metal  nanoparticles 
that  are  finely  dispersed  in  a  LiaX-matrix  ( a  =  1,2  or  3  and 
X  =  anions)  [1,2].  For  the  conversion  reaction  of  CuO  with  lithium 
one  finds  Cu  nanoparticles  dispersed  in  a  L^O  matrix  after 
discharge,  for  example.  The  difference  between  both  mechanisms  is 
illustrated  in  Fig.  2. 

The  general  discharge  profile  of  the  Li/CuS  system  is  character¬ 
ized  by  two  well  defined  plateaus  and  the  formation  of  Li2S  and  Cu 
as  the  final  discharge  products.  The  appearance  of  a  second  plateau 
is  indicative  for  an  intermediary  phase  that  has  been  differently 
explained  literature.  Both  formation  of  Q12  _  *S  phases  [3,8,16]  and 


Fig.  1.  Sample  holder  for  4-probe  conductivity  measurements.  Green:  PTFE-block; 
blue:  Pt-wires:  red:  sample  rod.  All  scales  in  mm.  (For  interpretation  of  the  refer¬ 
ences  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 
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Fig.  2.  Schematic  drawing  of  the  difference  between  a  conversion  [1,2]  and  a 
displacement  reaction  (basic  concept  based  on  Ref.  [9]).  The  displacement  reaction  is 
typical  for  copper  sulfides.  For  other  species  MaXfa,  the  conversion  reaction  involves 
formation  of  a  nanocomposite  structure  leading  to  transition  metal  nanoparticles 
dispersed  in  a  LicX  matrix.  (bc)Li  +  MaXb  aM  +  bLicX  with  M  =  transition  metal  and 
X  =  non-metal  species. 


formation  of  a  LixCui  _  XS  phase  as  a  result  of  an  insertion  process 
[18]  have  been  suggested.  Here,  it  is  worth  remembering  that  the 
oxidation  state  of  Cu  in  all  sulfides  is  Cu(I)  [19,20],  so  the  cell  re¬ 
action  also  involves  an  anion  redox  chemistry. 

Precise  analysis  of  the  cell  reaction  truly  is  difficult  due  to  the 
numerous  polymorphic  structures  of  CU2  _  XS  that  exist  at  room 
temperature  [21  ].  The  probably  most  accurate  measurements  were 
provided  by  the  groups  of  Tarascon  [9]  and  Sohn  16]  using  a 
combination  of  microscopy  techniques  and  in  situ  XRD.  Despite 
some  uncertainties,  the  two  plateaus  of  the  discharge  reaction  can 
be  generalized  as  follows,  with  Q12S  also  including  stoichiometries 
Cu2  _  XS: 

CuS  ±  Li^0.5Cu2S  ±  0.5Li2S  (1) 

0.5Cu2S  ±  Li— >Cu  ±  0.5Li2S  (2) 

Reaction  (2)  is  characterized  by  the  diffusion  of  lithium  ions  into  a 
quasi-rigid  sulfur  sublattice  of  Cu2S  leading  to  extrusion  of 
macroscopic  copper  dendrites,  and  hence  the  reaction  is  labeled  as 
displacement  reaction.  As  a  result  of  this  peculiar  mechanism,  the 
overpotentials  are  much  smaller  compared  to  what  is  usually 
observed  for  conversion  reactions. 

Assuming  Cu2S  as  the  only  intermediate  phase  and  lithium  as 
anode  material,  the  corresponding  theoretical  cell  potentials  and 
specific  capacities  can  be  easily  calculated  (Table  1).  The  ideal 
discharge  characteristics  would  hence  exhibit  two  defined  plateaus 
at  2.14  V  and  1.78  V  for  CuS  and  only  one  defined  discharge  plateau 
at  1.78  V  in  case  of  Cu2S  is  used  as  active  material,  respectively. 

Table  1 

Number  of  transferred  electrons,  theoretical  specific  capacities,  Gibbs  energy  and 
standard  electrochemical  potential  (T  =  298  K)  for  different  cell  reactions  of  lithium 
with  CuS  and  Cu2S.  Thermodynamic  data  was  taken  from  the  database  of  HSC 
Chemistry  7.0. 


Reaction  step 

No. 

Specific  capacities 

Gibbs 

P/V 

of  e_ 

/mAh  g-1(CuS) 

energy 
/ kj  mol1 

CuS  +  Li  1/2Cu2S  +  l/2Li2S 

1 

280.31 

-206.85 

2.14 

1/2Cu2S  +  Li  —  Cu  +  l/2Li2S 

1 

280.31  (CuS) 
[336.78  (Cu2S)] 

-171.97 

1.78 

Sum:  CuS  +  2Li  -►  Cu  +  Li2S 

2 

560.62 

-378.82 

1.96 

These  values  are  in  good  agreement  to  what  is  usually  observed  in 
practice.  During  charging,  simply  reversing  the  cell  reaction  should 
lead  again  to  two  defined  plateaus.  Experimentally,  however,  such  a 
two-step  behavior  is  not  found  and  typically  several  small  potential 
steps  followed  by  one  long  flat  plateau  are  observed.  Even  though 
CuS  is  found  after  charging,  the  cell  reaction  is  not  completely 
reversible  and  typically  around  80%  of  the  discharge  capacity  is 
being  recovered.  The  occurrence  of  several  additional  steps  during 
charging  is  not  well  understood  but  has  been  generally  related  to 
the  formation  of  a  series  of  copper  sulfide  intermediate  phases 
[9,16].  Nevertheless,  it  remains  surprising  that  discharge  at  defined 
potentials  is  followed  by  a  much  more  complex  charging  process. 

3.2.  Reversibility  in  different  electrolytes 

A  direct  comparison  between  CuS  and  Cu2S  cathodes  cycled  in 
two  different  electrolyte  solutions  (LiTFSI/DOL/DME  and  LiPF6/EC/ 
DMC)  is  shown  in  Fig.  3.  Two  important  findings  are  evident:  Firstly, 
the  capacity  retention  in  LiTFSI/DOL/DME  (Fig.  3a-c)  is  much  better 
compared  to  LiPF6/EC/DMC  (Fig.  3d-f).  Secondly,  while  Cu2S  cath¬ 
odes  show  stable  capacities  during  prolonged  cycling,  the  capac¬ 
ities  of  the  CuS  cathodes  decay  along  with  significant  shortening  of 
the  first  plateau  at  2.0  V.  The  disappearance  of  the  first  plateau  is 
equatable  to  a  continued  cycling  mainly  between  Cu2S  and  Cu 
meaning  that  the  reversible  formation  of  CuS  is  kinetically  less 
favored.  The  fact  that  CuS  is  electrochemically  less  active  can  be 
well  understood  when  considering  boundary  conditions  necessary 
for  a  displacement  reaction:  (1)  Sufficient  electronic  and  ionic 
conductivity,  (2)  similar  crystal  structure  and  (3)  similar  molar 
volumes  of  the  reaction  partners.  Only  the  first  condition  is  fulfilled 
for  CuS  (Tables  2  and  3),  whereas  Cu2S  meets  all  three  re¬ 
quirements.  This  coincidence  is  quite  unique  and  hence  restricted 
to  the  reaction  of  lithium  with  Cu2S.  For  example,  replacing  lithium 
by  sodium  (i.e.  considering  a  Na/Cu2S  cell),  leads  to  a  normal  con¬ 
version  reaction  as  a  result  of  the  mismatch  between  Cu2S  and  Na2S 
lattice  parameters  [22].  We  note  that  the  Li/Cu3P  system  is  another 
example  for  the  important  influence  of  structural  similarity  on  the 
cycleability  of  conversion  reactions  [48]. 

Even  though  this  explanation  seems  quite  reasonable  it  still  is 
somewhat  surprising  as  it  is  known  that  CuS  easily  forms  from  the 
elements  by  a  chemical  solid  state  reaction  even  at  room  temper¬ 
ature.  An  example  is  shown  in  the  supporting  information  where 
CuS  formation  from  a  1 :1  Cu/S  mixture  within  24  h  is  evidenced  by 
XRD  measurements  (Fig.  SI).  Dispersing  sulfur  onto  copper  foil 
leads  to  an  even  more  rapid  CuS  formation  (Fig.  S2). 

The  chemical  reactivity  at  room  temperature  is  related  to  the 
comparably  high  mobility  of  the  copper  ions  in  the  copper  sulfide 
crystal  lattices  combined  with  electronic  conductivity.  Conductivity 
values  strongly  depend  on  the  exact  composition  and  hence  the 
literature  data  scatters  with  values  for  both  copper  sulfides  devi¬ 
ating  over  three  orders  of  magnitude  [23-26  .  As  a  result  of  this,  we 
decided  to  separately  determine  the  conductivities  of  the  copper 
sulfides  used  in  our  electrochemical  study.  Measured  in  4-point 
geometry,  both  copper  sulfides  show  a  linear  (i.e.  ohmic)  cur¬ 
rent-voltage  characteristic  in  the  whole  measured  current  range 
from  ±15  mA  to  ±100  mA  (Fig.  S3).  This  ohmic  characteristic  was 
also  confirmed  by  additional  AC  impedance  measurements.  For 
different  pellets  of  the  same  material  we  found  variations  in  con¬ 
ductivity  values  up  to  a  factor  of  two,  mainly  dependent  on  the 
density  of  the  used  pellet.  Conductivity  values  of  the  samples  with 
the  highest  density  are  shown  in  Table  2  and  are  in  good  agreement 
with  4-probe  measurements  found  in  literature  [23,24].  For  com¬ 
parison,  the  electrical  and  ionic  conductivities  of  the  standard 
cathode  materials  LiCo02,  LiMn204  and  especially  LiFeP04  are 
magnitudes  lower  [27]. 
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Fig.  3.  Comparison  of  Cu2S  and  CuS  cathodes  cycled  in  (a)-(c)  1  M  LiTFSI/DOL/DME  and  (d)-(f)  1  M  LiPF6/EC/DMC  electrolyte  during  the  first  10  cycles. 


Evidence  for  the  poor  reversibility  of  CuS  can  be  also  seen  from 
XRD  measurements,  even  though  it  is  difficult  to  analyze  the 
patterns  of  copper  sulfide  cathodes  after  cycling  (charged  state) 
due  to  the  low  crystallinity  of  the  reaction  partners  and  the 
combined  background  noise  of  carbon  additive,  binder,  current 
collector  and  protective  foil  (a  polymer  film,  used  to  protect 
products  that  are  not  stable  when  exposed  to  air).  In  Fig.  4  the  XRD 
patterns  of  the  electrodes  before  (pristine  electrodes  with  CuS  and 
Q12S)  and  after  cycling  in  charged  condition  are  compared  for  both 
electrolyte  solutions.  For  the  pristine  electrodes,  the  copper  sul¬ 
fides  can  be  well  indexed  along  with  the  diffraction  lines  of  the 
carbon  additive  and  the  protective  foil.  The  electrodes  cycled  in 

Table  2 


Specific  conductivities  for  CuS  and  Cu2S  as  determined  by  4-probe  measurements. 


Species 

Crystallographic  density /% 

Specific  conductivity/S  cm  1 

CuS 

82 

870 

Cu2S 

84 

70 

LiPF6/EC/DMC  show  reflexes  of  the  discharge  product  copper;  i.e. 
the  cell  reaction  is  not  fully  reversible.  Also  there  is  hardly  any 
evidence  for  the  charge  products.  For  cathodes  cycled  in  LiTFSI / 
DOL/DME  the  result  is  quite  different.  For  both  cathode  materials, 
CuS  and  Q12S,  reflexes  for  Q12S  as  charge  product  appear, 
regardless  which  copper  sulfide  was  used  as  active  material  from 
the  start.  The  results  from  XRD  therefore  support  the  findings 
from  the  electrochemical  measurements  that  CuS  is  poorly 
reversible  compared  to  Cu2S. 

We  note  that  the  reversibility  of  CuS  in  carbonate-based  elec¬ 
trolytes  can  be  improved  by  reducing  the  voltage  window,  i.e.  by 
increasing  the  lower  cut-off  voltage  to  1.8  V  [16].  For  our  samples, 
we  achieved  around  80%  of  the  theoretical  capacity  for  several 
cycles  (Fig.  S4).  This  finding  indicates  that  the  poor  reversibility  of 
copper  sulfides  in  carbonate-based  electrolytes  is  rooted  in  irre¬ 
versible  side  reactions  that  predominantly  occur  during  the  second 
discharge  step  at  around  1.78  V. 

In  order  to  study  whether  the  conductive  salt  has  any  major 
impact,  we  screened  a  number  of  other  different  electrolyte 


B.  Jache  et  al.  /  Journal  of  Power  Sources  247  (2014)  703-711 


707 


Table  3 

Lattice  parameters,  cell  volumes,  coordination  numbers,  space  groups,  crystal  structures  and  theoretical  molar  volumes  for  lithium  sulfide,  the  copper  sulfides  and  copper  from 
the  ICSD  Database. 


SpeciesICSD  no- 

Lattice 

parameters/A 

Cell 

volume/A3 

No.  of  formula 
units  per 
unit  cell 

Space 

group 

Crystal  structure 

Molar  volume/cm3  mol  1 

Li2S642297 

5.7080 

185.97 

4 

Fm-3m 

Anti-fluorite 

27.999 

Cu2S95398 

5.7620 

191.30 

4 

Fm-3m 

Anti-fluorite 

28.801 

CllS^8808 

a  =  3.7650 
c  =  16.2900 

199.98 

6 

P63/mmc 

Hexagonal 

20.072 

£u64699 

3.6150 

47.24 

4 

Fm-3m 

Cubic-fcc 

7.112 

compositions.  We  found  that  independent  of  the  type  of  conductive 
salt  the  cycling  stability  is  poor  in  carbonate-based  electrolytes  but 
excellent  in  DOL/DME  based  electrolytes  (Fig.  5  and  Fig.  S5).  One 
might  also  argue  that  the  better  reversibility  in  the  ether-based 
electrolyte  is  due  to  its  better  compatibility  with  the  metallic 
lithium  anode.  However,  we  can  safely  assume  that  the  anode  is  not 
the  limiting  factor  in  our  experiments,  since  the  same  carbonate- 
based  electrolyte  works  with  other  active  materials  such  as  non¬ 
graphic  carbon  under  identical  conditions  without  any  notice¬ 
able  problems  [28-33].  On  the  other  hand,  Q12O  shows  a  good 


(b) 


Fig.  4.  XRD  pattern  of  (a)  CuS  and  (b)  Cu2S  cathodes  before  and  after  cycling  in 
different  electrolytes  at  0.1  C  rate  for  20  cycles  (charged  state).  Due  to  the  low  crys¬ 
tallinity  only  weak  diffraction  lines  are  observed. 


cycle  stability  in  EC/DMC-based  electrolytes  [34].  Taking  this  all 
together  one  can  conclude  that  a  detrimental  side  reaction  of  the 
carbonate  solvent  is  responsible  for  the  poor  capacity  retention. 

It  has  been  suggested  that  the  poor  reversibility  of  the  CuS 
system  is  due  to  the  solubility  of  the  discharge  product  Li2S  in  the 
electrolyte  leading  to  a  rapid  loss  of  active  material  [9,16,35,36]. 
Especially  polysulfides  Li2S*  that  might  occur  as  intermediates 
during  discharge/charge  are  highly  soluble  in  many  solvents  and 
indeed  this  phenomenon  is  well-known  from  the  lithium-sulfur 
cell  [37].  Even  though  we  never  found  evidence  for  a  loss  of  the 
active  material  it  is  worth  considering  possible  countermeasures 
(see  Section  3.4).  In  any  case,  a  very  recent  work  on  Li/S  cells  pro¬ 
vides  direct  evidence  that  polysulfides  react  with  carbonate-based 
electrolytes  via  a  nucleophilic  addition  or  substitution  reaction 
leading  to  rapid  capacity  fading  [38].  Hence  ether-based  electro¬ 
lytes  (DOL/DME)  are  commonly  used  in  Li/S  cells  [39,40].  It  might 
well  be  that  the  same  mechanism  is  responsible  for  the  poor  cycling 
performance  in  the  Li/Cu/S  cells  with  carbonate-based  electrolyte. 
Besides,  one  should  also  bear  in  mind  the  well-known  instability  of 
EC  based  electrolytes  which  undergo  electrochemical  reduction  at 
low  potentials  vs.  Li/Li+  and  always  might  lead  to  stability  problems 
in  case  of  unfavorable  SEI  formation  [41—43]. 


3.3.  Discharge/ charge  characteristics 

Figs.  6  and  7  show  data  of  Fig.  4  that  has  been  replotted  for  a 
better  discussion  of  the  discharge/charge  characteristics.  Besides  a 
close  look  on  the  first  discharge/charge  cycle,  the  improved  cycling 
stability  in  case  of  the  ether-based  electrolyte  also  allows  to  study 
how  the  voltage  profile  changes  upon  prolonged  cycling.  Comple¬ 
mentary  cyclic  voltammetry  measurements  were  also  made 
(Fig.  8). 

3.3 A.  CuS  -  first  discharge/ charge 

During  first  discharge,  the  CuS  cathodes  show  a  quite  similar 
discharge  behavior  for  both  electrolytes  with  two  flat  discharge 
plateaus  at  around  2.0  V  and  1.7  V  (Fig.  6a).  Both  voltage  values  and 
the  lengths  of  the  plateaus  fit  well  to  the  two-step  discharge 
mechanism  described  by  Debart  et  al.,  where  the  upper  plateau  is 
linked  to  the  formation  of  polymorphic  Cu2  _  *S  and  the  lower 
plateau  relates  to  Li2S  formation  [9].  Comparing  the  observed 
voltage  plateaus  with  the  calculated  values  (Fig.  3),  overpotentials 
in  the  range  of  70  mV  are  found  for  the  first  and  second  step.  The 
specific  capacities  are  about  480  mAh  g  1  for  the  ether-based  cells 
and  around  440  mAh  g_1  for  the  carbonate-based  cells.  These 
values  are  little  lower  compared  to  the  theoretical  capacity  of 
560  mAh  g-1,  indicating  that  not  all  CuS  was  utilized. 

During  first  charging  (Fig.  6a)  only  one  extended  voltage  plateau 
is  observed.  This  is  somewhat  unexpected,  as  also  two  steps  are 
expected  from  simply  reversing  the  discharge  reaction.  Instead, 
charging  starts  with  a  steep  increase  of  the  voltage  up  to  around 
1.9  V  followed  by  several  small  steps  until  reaching  a  stable 
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Fig.  5.  Specific  capacities  of  Cu2S  cathodes  cycled  in  different  electrolytes.  The 
coulombic  efficiencies  are  around  >95%  for  ether-based  electrolytes  and  around  >90% 
for  carbonate-based  electrolytes. 


charging  voltage  of  around  2.25  V.  This  indicates  a  different  and 
more  complex  reaction  mechanism  for  the  charge  reaction.  The 
finding  is  well  in  line  with  what  was  earlier  observed  for  the 
charging  process  by  other  groups.  A  straight  forward  explanation 
for  the  small  steps  at  the  beginning  of  the  charge  process  is  the 
occurrence  of  several  intermediate  phases.  Nevertheless,  these 


(a) 

CuS 


lithium  anode  +  different  electrolytes  +  Al  current  collector 


1 1  .cycle  | 


(b) 
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lithium  anode  +  different  electrolytes  +  Al  current  collector 
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Fig.  6.  Discharge  and  charge  characteristic  of  the  (a)  first  and  (b)  10th  cycle  of  CuS 
cathodes  cycled  at  0.1  C  rate  in  different  standard  electrolytes  in  a  voltage  range  of  0.8- 
3.0  V.  The  theoretical  capacity  of  CuS  is  560  mAh  g-1. 


Fig.  7.  Discharge  and  charge  characteristic  of  the  (a)  first  and  (b)  10th  cycle  of  Cu2S 
cathodes  cycled  at  0.1  C  rate  in  different  standard  electrolytes  in  a  voltage  range  of  0.8- 
3.0  V.  The  theoretical  capacity  of  Cu2S  is  337  mAh  g-1. 


steps  only  contributed  to  around  10-15%  of  the  total  charge  ca¬ 
pacity,  i.e.  around  50-60  mAh  g-1.  To  differentiate  between  the  two 
distinct  regions  during  charging  (plateau  and  steps)  the  terms 
“plateau  region”  and  “multi-step  region”  will  be  used  in  the 
following  discussion.  To  the  best  of  our  knowledge,  there  is  no 
detailed  understanding  of  the  underlying  mechanisms  that  occur 


1  .Cycle  lithium  anode  +  1:1  DOL/DME  (iM  Li  TFSl)  +  Al  current  collector 


Fig.  8.  Cyclic  voltammetry  with  a  sweep  rate  of  0.05  mV  s-1  and  discharge/charge 
characteristics  of  Cu2S  and  CuS  cathodes  in  a  potential  range  of  0.8— 3.0  V  in  the  first 
cycle.  Voltammograms  of  a  CuS  and  a  Cu2S  cathode  cycled  in  LiTFSI/DOL/DME.  A  CV  of 
a  Cu2S  cathode  in  LiPF6/EC/DMC  is  shown  in  the  supplementary  information  Fig.  S7. 
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(a) 


lithium  anode  +  1:1  DOL/DME  (iM  Li  TFSl)  +  different  current  collectors 


lithium  anode  +  1:1  DOL/DME  (iM  Li  TFSl)  +  different  current  collectors 


Fig.  9.  Cu2S  cathodes  galvanostaticaily  cycled  on  different  current  collectors,  (a)  Spe¬ 
cific  capacities  and  discharge/charge  characteristics  in  (b)  the  10th  and  (c)  the  20th 
cycle. 

during  charging  and  future  studies  will  be  necessary  to  clarify  this 
aspect.  For  the  present  study,  however,  it  is  enough  to  note  that  the 
mechanisms  during  beginning  of  the  charging  process  are  similar 
in  both  electrolytes.  In  contrast,  the  capacity  obtained  during 
charging  in  the  plateau  region  is  significantly  smaller  for  the  car¬ 
bonate-based  electrolyte,  indicating  that  the  poorer  reversibility 
relates  to  this  later  reaction  mechanism.  This  is  also  supported  by 
the  higher  plateau  voltage  values  in  the  case  of  the  carbonate-based 
electrolyte  (2.45  V  vs.  2.25  V).  The  difference  of  200  mV  indicates  a 
higher  internal  resistance  eventually  caused  by  a  passivating 
interface. 

3.3.2.  CuS  -  subsequent  cycling 

The  discharge  and  charge  curves  of  the  10th  cycle  are  shown  in 
Fig.  6b.  Compared  to  the  first  discharge,  the  capacity  in  the 


carbonate-based  electrolyte  is  negligible,  so  these  results  will  be 
not  further  discussed.  For  the  ether-based  electrolyte,  the  first 
plateau  significantly  shortened  and  is  shifted  toward  higher  po¬ 
tentials.  Almost  all  capacity  is  obtained  in  the  second  plateau  region 
down  to  the  cut-off  potential.  The  second  plateau  is  initiated  by  a 
sharp  minimum  indicative  for  a  nucleation  process.  Even  more 
different  is  the  slope  of  the  charging  curve:  The  charging  plateau 
region  at  around  2.25  V  nearly  vanished  and  nearly  all  capacity  is 
obtained  in  the  multi-step  region  (Fig.  6b).  Remembering  that  this 
region  only  contributed  around  50-60  mAh  g-1  to  the  total  ca¬ 
pacity  during  first  charge  it  is  surprising  that  this  region  now 
contributes  around  200  mAh  g-1.  Obviously,  the  cell  reaction  pro¬ 
ceeds  more  and  more  over  intermediate  phases  as  cycling  numbers 
increase.  Flowever,  the  enduring  occurrence  of  a  discharge  plateau 
at  around  1.7  V  also  indicates  defined  chemical  potentials  during 
larger  parts  of  the  discharge  process. 

3.3.3.  Cu2S 

Fig.  7  shows  the  analog  graphs  for  Cu2S  cycled  in  the  same  po¬ 
tential  window.  As  expected,  the  first  plateau  is  missing  during  first 
discharge  and  all  capacity  is  obtained  at  a  constant  voltage  plateau 
close  to  the  value  when  starting  off  with  CuS  (Fig.  7a).  Charging 
proceeds  very  similar  to  what  was  found  for  the  CuS  electrodes,  i.e. 
a  multi-step  region  is  followed  by  a  plateau  region  of  constant 
potential.  For  the  ether-based  electrolyte,  the  charging  potential  is 
identical  irrespective  of  the  type  of  copper  sulfide  used  from  the 
start  (see  Fig.  S6  for  comparison).  After  ten  cycles,  again  the  plateau 
region  has  vanished  and  most  of  the  capacity  is  obtained  in  the 
multi-step  region  (Fig.  7b).  Even  though  the  charging  mechanisms 


(a) 

Cu  S 

2  lithium  anode  +  1:1  DOL/DME  (iM  Li  TFSl)  +  Cu  current  collector 


Fig.  10.  Specific  capacities  of  a  Cu2S  cathode  measured  at  different  C-rates  in  a  po¬ 
tential  range  of  0.8-3.0  V. 
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seem  identical  for  both  electrodes,  the  C112S  electrode  exhibits  a 
superior  cycling  stability.  Again,  the  cycling  stability  of  CU2S  in  the 
carbonate-based  electrolyte  is  poorer  compared  to  the  ether-based 
electrolyte. 

The  differences  between  discharge  and  charge  mechanisms  can 
be  also  seen  from  cyclic  voltammetry.  The  CVs  obtained  for  the  CuS 
and  Q12S  cathodes  cycled  in  LiTFSI/DOL/DME  are  shown  in  Fig.  8. 
The  discharge  process  for  both  electrodes  is  characterized  by  one 
(CU2S)  respectively  two  (CuS)  defined  potentials.  The  charging 
proceeds  in  both  cases  over  several  smaller  peaks  (multi-step  re¬ 
gion)  followed  by  a  defined  large  peak  (plateau  region).  The  char¬ 
acteristics  of  the  voltammograms  match  well  to  the  results 
obtained  for  the  galvanostatic  cycling  mode. 

In  conclusion,  the  most  relevant  finding  is  that  using  an  ether- 
based  electrolyte  significantly  improves  the  cycling  stability  of 
copper  sulfides  and  no  nanostructuring  seems  necessary  to  obtain  a 
good  reversibility.  The  improved  cycling  stability  allows  studying 
changes  in  reaction  mechanisms  during  subsequent  cycling,  how¬ 
ever  we  obtained  puzzling  results  that  underline  the  complexity  of 
the  cell  reaction  between  lithium  and  copper  sulfides.  The  findings 
from  our  electrochemical  studies  can  be  summarized  as  follows: 

(1)  The  first  discharge  of  a  CuS  electrode  proceeds  over  the  ex¬ 
pected  two-step  discharge  mechanism  with  an  upper  and  a 
lower  plateau  that  are  close  to  what  is  expected  from  ther¬ 
modynamics  assuming  formation  of  a  Cu2S  species  as  inter¬ 
mediate  and  Cu  and  U2S  as  final  discharge  products. 
Accordingly,  only  one  voltage  plateau  is  observed  when 
starting  from  CU2S. 

(2)  Upon  subsequent  cycling  of  CuS  electrodes,  the  upper 
plateau  diminishes  while  the  lower  plateau  maintains  con¬ 
stant  at  the  same  voltage  values  in  a  large  capacity  range.  This 
indicates  that  the  reduction  of  CuS  to  CU2  _  *S  is  kinetically 
not  favored,  which  can  be  understood  from  the  differences  in 
the  crystallographic  nature  of  both  compounds  (see  discus¬ 
sion  above). 

(3)  Charging  proceeds  very  different  from  discharging  and  it  is 
very  similar  for  CuS  and  Cu2S  electrodes.  For  both  electrodes, 
charging  starts  with  a  multi-step  region  starting  from  around 
1.6  V  that  is  followed  by  only  one  plateau  region  with  a 
defined  potential  at  around  2.25  V.  Initially,  the  multi-step 
region  contributes  only  little  to  the  total  reversibly  capacity 
(several  tens  of  mAh  g-1)  but  after  a  few  cycles  almost  all 
charging  capacity  (few  hundred  mAh  g-1)  is  obtained  in  this 
region. 

(4)  Three  aspects  are  surprising:  Firstly,  even  though  the 
charging  voltage  plateau  is  replaced  by  a  multi-step  region, 
the  discharge  plateau  remains  unaffected.  Secondly,  the 
voltage  range  of  the  multi-step  region  lies  below  the  voltage 
plateau,  i.e.  the  charging  voltage  decreases  by  time.  Thirdly, 
as  the  charging  potential  is  the  same  for  CuS  and  CU2S 
electrodes,  one  would  assume  the  same  charging  product. 
However,  CuS  electrodes  cycle  less  well  compared  to  CU2S 
electrodes.  Clearly,  explaining  these  findings  necessitates  a 
much  more  detailed  analysis  in  the  future. 

3.4.  Copper  current  collector 

As  already  discussed  before,  the  poor  reversibility  of  the  CuS 
system  has  been  related  to  the  solubility  of  sulfide  species  in  the 
electrolyte  solution  that  causes  a  continuous  and  rapid  loss  of  active 
material  during  cell  cycling.  Even  though  we  did  not  find  direct 
evidence  for  this  in  our  experiments  it  is  worth  considering  this 
possible  degradation  mechanism.  The  question  therefore  is  how 
eventual  dissolution  of  sulfide  species  into  the  electrolyte  can  be 


effectively  prevented.  A  simple  solution  to  this  could  be  to  replace 
the  commonly  used  aluminum  cathode  current  collector  by  copper. 
It  is  well-known  that  CuS  can  be  prepared  by  simply  immersing 
metallic  copper  into  organic  solutions  containing  polysulfides  [7]. 
Using  copper  as  cathode  current  collector  in  a  Li/CuS  cell  will  hence 
provide  a  dual  function:  (1 )  electron  conduction  and  (2)  trapping  of 
dissolved  sulfide  species  to  reform  copper  sulfide.  The  latter  effect 
can  be  effectively  demonstrated  in  lithium/sulfur  cells  for  which 
dissolution  of  polysulfides  is  a  well-known  phenomenon.  If 
aluminum  is  used  as  current  collector,  parts  of  the  dissolved  poly¬ 
sulfides  deposit  on  the  cell  separator  which  can  be  easily  seen  after 
re-opening  a  cycled  cell.  No  such  deposits  are  found  in  case  copper 
is  used  as  current  collector  evidencing  its  polysulfide  captivating 
nature  (Fig.  S8).  Replacement  of  Al  by  Cu  as  current  collector  is 
possible  because  Cu  is  electrochemically  stable  within  the  applied 
voltage  window.  In  Li-ion  conducting  electrolytes,  Cu  is  stable  up  to 
around  3.6  V  vs.  Li/Li+  [44]. 

The  influence  of  the  current  collector  on  the  cycling  performance 
is  shown  in  Fig.  9.  Higher  capacities  were  obtained  when  using  Al  as 
current  collector  with  values  around  300  mAh  g-1  during  the  first 
cycles  compared  to  around  220  mAh  g-1  for  Cu.  On  the  other  hand, 
the  cycling  stability  was  better  when  using  Cu  as  current  collector. 
More  importantly,  the  type  of  current  collector  has  a  major  influ¬ 
ence  on  the  overpotentials  during  charge  and  discharge.  For 
aluminum,  a  continuous  increase  is  observed  and  the  combined 
overpotentials  amount  to  around  1  V  after  20  cycles.  For  copper,  the 
combined  overpotentials  are  constantly  in  the  range  of  only  200  mV. 
As  copper  and  aluminum  current  collectors  do  not  show  the  same 
surface  and  morphology  (Al  current  collectors  need  to  be  etched 
prior  coating  and  Cu  current  collectors  exhibit  a  rough  surface 
structure  for  improved  adhesion,  Fig.  S9)  a  direct  link  on  the  impact 
on  the  capacity  values  is  difficult.  Nonetheless  the  high  coulombic 
efficiency  for  the  Cu  current  collector  indicates  that  indeed  no  active 
material  is  lost  due  to  dissolution  into  the  electrolyte  solution.  But 
also  the  excess  of  copper  that  is  introduced  might  benefit  the  overall 
reversibility  of  the  cell  reaction.  The  increase  in  cell  polarization 
observed  for  the  cell  with  Al  current  collector  can  be  most  certainly 
related  to  the  known  corrosion  of  Al  in  LiTFSI  containing  electrolytes 
that  results  in  surface  passivation  and  hence  and  increased  resis¬ 
tance  [44-47].  Overall,  we  found  that  using  Cu  as  current  collector  is 
beneficial  to  the  cell  performance.  We  note  that  CuS  electrodes  can 
be  also  directly  prepared  by  casting  a  conventional  slurry  containing 
sulfur,  carbon  and  binder  onto  a  copper  current  collector.  CuS  for¬ 
mation  occurs  immediately  and  the  resulting  composite  electrode 
shows  the  exact  same  characteristics  during  cycling  as  compared  to 
when  a  CuS/carbon/binder  slurry  is  used. 

3.5.  Rate  capability  and  prolonged  cycling 

Rate  capability  and  long  term  cycling  stability  were  tested  for 
the  cell  assembly  that  showed  the  best  overall  performance,  i.e. 
Q12S  electrodes  were  cycled  using  copper  as  current  collector  and 
LiTFSI  in  DOL/DME  as  electrolyte.  Cells  were  cycled  at  C-rates  of 
0.1  C,  0.2C,  1C  and  2C  (Fig.  10).  Excellent  capacity  retention  for  at 
least  150  cycles  and  coulombic  efficiencies  exceeding  98.4%  were 
obtained  when  cycling  the  cells  at  1C  or  below.  The  obtained  ca¬ 
pacities  correspond  to  about  60%  of  the  theoretical  value;  even  at  a 
1C  rate.  Raising  the  current  to  2C  leads  to  a  rapid  and  continuous 
capacity  loss.  Further,  the  cathode  becomes  irreversible  damaged. 

4.  Conclusion 

The  cycling  stability  of  commercially  available  copper  sulfides 
against  lithium  was  investigated  in  different  electrolytes.  A  very 
poor  cycling  stability  is  found  for  carbonate-based  electrolytes 
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which  is  in  line  with  earlier  reports  on  this  cell  system  that  date 
back  to  the  1970s.  However,  a  much  improved  cycling  stability  can 
be  obtained  when  using  an  ether-based  solvent  (1  M  LiTFSI  in  DOL/ 
DME).  CU2S  could  be  cycled  for  more  than  150  times  with 
coulombic  efficiencies  exceeding  98%  and  combined  overvoltages 
of  only  around  200  mV  at  different  C-rate  up  to  1C,  for  example. 
From  this  it  follows  that  not  the  nanostructure/morphology  is  the 
key  factor  governing  the  cycling  stability  of  copper  sulfides  as 
secondary  battery  material,  but  instead  the  choice  of  an  appro¬ 
priate  electrolyte.  Even  though  many  reports  on  the  influence  of 
electrolyte  compositions  on  the  cycling  performance  of  electrode 
materials  exist,  it  is  surprising  that,  to  the  best  of  our  knowledge, 
such  a  link  was  not  reported  for  copper  sulfides  yet.  The  improved 
cycling  stability  also  permits  to  have  a  closer  look  on  how  the 
voltage  profiles  and  active  species  change  with  time.  Starting  from 
CuS,  the  initially  two-step  discharge  mechanism  over  a  Q12S  in¬ 
termediate  is  replaced  by  a  one-step  mechanism  (Q12S  only)  after  a 
few  cycles.  This  effect  is  very  pronounced  and  leads  to  a  disap¬ 
pearance  of  all  existing  CuS  in  the  assayed  electrode.  Charging  is 
found  to  be  very  complex.  During  the  first  cycles,  charging  of  both 
CuS  and  Q12S  electrodes  mostly  occurs  at  a  defined  voltage  plateau. 
Surprisingly,  this  plateau  is  completely  replaced  by  a  multi-step 
region  at  lower  voltages  upon  subsequent  cycling.  The  underlying 
mechanisms  remain  unclear  but  they  are  likely  related  to  the 
known  complexity  of  the  Cu— S  phase  diagram  which  is  further 
complicated  by  interaction  with  lithium. 

In  summary  it  can  be  concluded  that  the  electrochemical  per¬ 
formance  of  the  copper  sulfides  is  directly  linked  to  the  composi¬ 
tion  of  the  chosen  electrolyte.  Despite  the  comparably  low  average 
cell  voltages  obtainable,  CuS  and  Q12S  remain  interesting  electrode 
materials  due  to  their  high  capacity,  high  intrinsic  conductivity  and 
the  unique  displacement  mechanism  with  lithium  that  proceeds  at 
overpotentials  much  smaller  compared  to  other  conversion 
reactions. 
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